Introduction
============

Intravenous thrombolysis (IVT) with tissue plasminogen activator (tPA) remains the only approved systemic therapy for acute ischemic stroke (AIS), with onset-to-treatment time being directly associated with improved short-term and long-term clinical outcomes \[[@b1-jos-2019-01648]-[@b3-jos-2019-01648]\]. Since recanalization following IVT is directly associated with early clinical recovery \[[@b4-jos-2019-01648]\], it is logical to assume that faster recanalization is the mechanism why earlier treatment with tPA can lead to improved 3-month functional outcomes \[[@b5-jos-2019-01648]-[@b8-jos-2019-01648]\]. However, the potential correlation between onset-to-tPA treatment time and elapsed time between tPA-bolus and beginning of recanalization has not been established yet. Furthermore, the influence of timing of tPA-induced recanalization on functional outcomes and risk of symptomatic intracerebral hemorrhage (sICH) in AIS remains debatable.

In view of these considerations, we designed the 'PROspective multi-national Combined Lysis of Thrombus in Brain Ischemia Using Transcranial Ultrasound and Systemic tPA (CLOTBUST) collaboration on reperfusion therapies for stroke' (CLOTBUST-PRO) \[[@b9-jos-2019-01648]\] that sought to determine whether early recanalization (within 1-hour from tPA-bolus), assessed with real-time transcranial Doppler (TCD) monitoring, is independently associated with improved 3-month outcomes in AIS patients with proximal intracranial arterial occlusions. We also investigated the association between the elapsed time between symptom onset and tPA-bolus with the elapsed time between tPA-bolus and beginning of recanalization. We hypothesized the early tPA delivery may result to swift recanalization which in turn may translate into better clinical outcomes.

Methods
=======

Study design
------------

We conducted this prospective, open-label, observational cohort study in 12 participating tertiary care stroke centers in North America, South America, Europe, and Asia. The rationale for the study, design details, and eligibility criteria have been previously published \[[@b9-jos-2019-01648]\]. Exclusion criteria together with other detail on the methodology of our trial are available in the [Supplementary Material](#SD1-jos-2019-01648){ref-type="supplementary-material"}.

Study population
----------------

We included patients with AIS attributable to a proximal intracranial occlusion eligible for IVT, who presented within 4.5 hours to the participating sites \[[@b9-jos-2019-01648]\]. The study was approved by the Ethics Committees and the Institutional Review Boards of participating Institutions as previously described. All patients or their substitute decision-makers provided written consent prior to participation \[[@b9-jos-2019-01648]\].

Insonation protocol
-------------------

All eligible patients received continuous 2-MHz TCD or transcranial color-coded duplex (TCCD) assessment of recanalization up to 2 hours following tPA-bolus by experienced sonographers. The duration of continuous TCD monitoring varied between 60 and 120 minutes, because if there was no ultrasonographic evidence of recanalization within 60 minutes from tPA-bolus and the patient was considered by the treating physician as a candidate for additional revascularization therapies (intra-arterial thrombolysis or mechanical thrombectomy), TCD monitoring was discontinued and an additional TCD evaluation was performed at the end of endovascular reperfusion therapies. This therapeutic approach towards endovascular reperfusion therapies was based on the lack of available randomizedcontrolled clinical trial data supporting the clinical efficacy of mechanical thrombectomy at the time of study design and patient enrollment (2008 to 2014).

In patients with clinical deterioration following initial improvement within the first 24 hours from symptom onset, an additional TCD recording was performed to assess the presence of delayed re-occlusion.

TCD findings were interpreted using previously validated criteria, including the thrombolysis in brain ischemia (TIBI) flow grade definitions \[[@b10-jos-2019-01648],[@b11-jos-2019-01648]\].

Outcomes
--------

The main hypothesis and primary efficacy outcome of the study was to determine whether early tPA-induced partial or complete recanalization, achieved during the first hour of TCD monitoring following tPA-bolus, was independently associated with more favorable early and long term clinical outcomes. The primary outcome of interest was the difference in the favorable functional outcome (FFO; defined modified Rankin Scale \[mRS\] score of 0--1 at 3-month) rates in patients with early complete or partial recanalization compared to those with persisting occlusion at 1-hour TCD monitoring. The exact time of the beginning, duration, timing and amount of recanalization and re-occlusion were recorded for all patients. Beginning of recanalization was marked as the time point in which at least 1 point improvement in TIBI score was noticed during the TCD monitoring \[[@b12-jos-2019-01648]\]. A table summarizing the definitions of the aforementioned outcomes is provided in the [Supplementary Table 1](#SD2-jos-2019-01648){ref-type="supplementary-material"}.

Early clinical outcome was assessed with the rates of dramatic clinical recovery (DCR), defined by a change of equal or more than 10 points in the National Institutes of Health Stroke Scale (NIHSS) or total NIHSS score of less or equal to 3 within 2 and 24 hours after tPA-bolus \[[@b11-jos-2019-01648]\]. Finally, we prospectively followed all patients up to 3 months to record also functional independence (FI; defined as 3-month mRS of 0--2) and deaths from any cause during the 3-month follow-up period.

sICH with clinical worsening (≥4 NIHSS points) that in the opinion of the treating physician was causatively and temporally related to neurological deterioration during the first 24 hours following tPA infusion \[[@b9-jos-2019-01648]\], was considered as the primary safety endpoint.

For all patients, serial assessments on NIHSS scores were obtained at baseline (pre-tPA-bolus), within 10 minutes of the beginning of recanalization or re-occlusion, at the end of TCD monitoring and at 24-hour after symptom onset by vascular neurologists certified in the NIHSS scoring \[[@b9-jos-2019-01648]\]. Functional outcome was evaluated at 3-month by the on-site investigators (certified in the assessment of mRS) who were unaware of TCD monitoring findings. All radiological examinations were independently evaluated by institutional radiologists/neuroradiologists who were blinded to both TCD findings and patient clinical data.

Statistical analyses
--------------------

We enrolled 480 patients to identify at least 120 cases of early complete recanalization and have power of 82.4% to detect a statistically significant difference of at least 15% in FI rates at 3-month between patients with early recanalization and persisting occlusion/delayed recanalization \[[@b5-jos-2019-01648]\]. Dichotomous variables were presented with their absolute values and corresponding percentages, while continuous variables were presented as mean values with their corresponding standard deviations for normally distributed data, or median values with their corresponding interquartile ranges (IQRs) when distributions were skewed. We compared baseline characteristics and outcomes between patients with complete or partial recanalization and those with persisting occlusion with the Pearson's chi-square or Mann-Whitney-Wilcoxon test where appropriate. The distributions on the mRS-score between groups at 3-month follow-up were compared with the Cochran-Mantel-Haenszel test, as previously described \[[@b13-jos-2019-01648]\].

Univariable and multivariable logistic regression analyses were performed to evaluate the associations between baseline characteristics and outcomes (sICH, 3-month FFO and mortality). We also performed additional sensitivity analyses after dichotomizing time from symptom onset to beginning of recanalization using the variable's observed median value as threshold (\>178 and ≤178 minutes) and persisting occlusion set as reference category. Only the factors proven significant (*P*\<0.05) at the univariable analyses were entered into the multivariable models. We also performed a *post hoc* subgroup analysis by including only patients with middle cerebral artery (MCA) occlusions.

Apart from the analysis in the total sample, a nested analysis (univariable and multivariable logistic regression analysis) was performed in the subgroup of patients with sustained complete or partial early recanalization at the end of 2-hour TCD-monitoring. The same approach was followed as in the total sample, with the exception of time from symptom onset to the beginning of recanalization, which was treated in increments of 30 minutes. In this subgroup of patients, the potential correlations between onset-to-treatment time (elapsed time between symptom onset and tPA-bolus) and baseline characteristics, including elapsed time between tPA-bolus and beginning of recanalization, were assessed with simple and multiple regression analyses, adjusting for potential confounders. Statistical analyses were performed with STATA/SE version 13 (Stata Corp, College Station, TX, USA).

Data availability statement
---------------------------

De-identified patient dataset will be made available upon reasonable request from the corresponding author.

Results
=======

The predetermined sample size of 480 AIS patients (mean age 66±15 years, 60% men) with proximal intracranial occlusions, who underwent continuous 2-hour TCD-monitoring following tPA-bolus, was enrolled during a 7-year period (January 2008 to December 2014) from 12 participating tertiary care stroke centers from North America (n=2), South America (n=1), Europe (n=7), and Asia (n=2). The complete list of participating centers is available in the [Supplementary Material](#SD1-jos-2019-01648){ref-type="supplementary-material"}. The median admission NIHSS-score was 15 points (IQR, 10 to 19) and the median onset to treatment time was 140-minute (IQR, 116 to 170). Baseline characteristics of the study population are presented in [Supplementary Table 2](#SD3-jos-2019-01648){ref-type="supplementary-material"}. The distribution of proximal intracranial occlusions was as follows: M1-MCA 48% (n=231), M2-MCA 29% (n=141), terminal internal carotid artery (ICA) 9% (n=44), tandem ICA/MCA 5% (n=24), basilar artery 7% (n=61), intracranial vertebral artery 0.2% (n=1), and posterior cerebral artery 1% (n=6). No patient was lost during the 3-month follow-up.

Complete or partial recanalization was detected in 180 (38%) and 71 (15%) patients at 1-hour TCD monitoring, respectively, and in 211 (44%) and 90 (19%) patients at the 2-hour TCD-monitoring point, respectively. Sustained complete or partial recanalization was achieved in 201 (42%) and 85 (18%) patients, respectively at the end of 2-hour TCD-monitoring, while re-occlusion was documented in 18 cases (4%). The median onset to recanalization and the median bolus to recanalization times were 178-minute (IQR, 145 to 214) and 24-minute (IQR, 22 to 53), respectively. Comparisons of the baseline characteristics between patients with persisting occlusion or any (partial or complete) recanalization within the first hour of TCD monitoring are presented in [Table 1](#t1-jos-2019-01648){ref-type="table"}. Patients with complete or partial early recanalization during the first hour of TCD-monitoring as compared to patients with persisting occlusion/delayed recanalization were younger (63±14 years vs. 69±15 years, *P*\<0.001), more likely to be men (65% vs. 55%, *P*=0.048) and had lower prevalence of isolated ICA or tandem ICA/MCA occlusion (10% vs. 19%, *P*=0.006). Patients with early recanalization had shorter median onset-to-treatment times (135-minute vs. 145-minute, *P*=0.002), higher pre-treatment systolic (160±26 mm Hg vs. 154±26 mm Hg, *P*=0.022), and diastolic blood pressure levels (90±15 mm Hg vs. 85±16 mm Hg, *P*\<0.001). sICH rates were not different between patients with early complete or partial recanalization and patients with persisting occlusion (2% vs. 6%, *P*=0.065). Patients with early recanalization had significantly (*P*\<0.001) higher rates of DCR at 2-hour (54% vs. 10%) and 24-hour (63% vs. 22%), 3-month FFO (67% vs. 28%) and 3-month FI (81% vs. 39%). Three-month mortality rates (6% vs. 17%) and distribution of 3-month mRS scores (1 \[0 to 2\] vs. 3 \[1 to 5\]) were significantly lower in the early recanalization subgroup. The respective comparisons of the baseline characteristics and outcomes between patients with persisting occlusion and those with any (partial or complete) recanalization within 2 hours of TCD monitoring are available in [Supplementary Table 3](#SD4-jos-2019-01648){ref-type="supplementary-material"}.

In multivariable analyses adjusting for potential confounders, early complete or partial recanalization within the first hour after tPA-bolus was independently associated with higher odds of 3-month FFO (odds ratio \[OR\], 6.19; 95% confidence interval \[CI\], 3.88 to 9.88; *P*\<0.001) ([Table 2](#t2-jos-2019-01648){ref-type="table"}) and lower likelihood of 3-month mortality (OR, 0.34; 95% CI, 0.17 to 0.67; *P*=0.002) ([Table 3](#t3-jos-2019-01648){ref-type="table"}) compared to delayed recanalization or persisting occlusion.

These associations were reproduced in our sensitivity analyses stratifying patients with complete or partial recanalization during the 2-hour TCD monitoring by the median of symptom onset to recanalization time (178 minutes). More specifically, a more pronounced beneficial effect on 3-month FFO was documented in patients with initiation of recanalization within the first 178 minutes after symptom onset (OR \[vs. the reference group of persisting occlusion\], 14.70; 95% CI, 7.90 to 27.33; *P*\<0.001) ([Table 4](#t4-jos-2019-01648){ref-type="table"}) compared to patients with a more delayed recanalization after 178 minutes from symptom onset (OR \[vs. the reference group of persisting occlusion\], 6.72; 95% CI, 3.78 to 11.92; *P*\<0.001) ([Table 4](#t4-jos-2019-01648){ref-type="table"}). An independent association with lower likelihood of 3-month mortality was detected for both groups of early (≤178-minute from symptom onset; OR, 0.37; 95% CI, 0.16 to 0.85; *P*=0.018) or delayed (\>178-minute from symptom onset; OR, 0.22; 95% CI, 0.10 to 0.51; *P*\<0.001) recanalization versus persisting occlusions ([Table 5](#t5-jos-2019-01648){ref-type="table"}). In the subgroup analysis of patients with MCA occlusions (n=374) similar differences in the outcomes of interest were documented between patients with early complete or partial recanalization compared to patients with delayed recanalization or persisting occlusion ([Supplementary Table 4](#SD5-jos-2019-01648){ref-type="supplementary-material"}). This subgroup analysis confirmed the associations documented in our primary analysis including all patients.

In the nested subgroup analysis ([Supplementary Table 5](#SD6-jos-2019-01648){ref-type="supplementary-material"}) of patients with sustained complete or partial recanalization at the end of 2-hour TCD-monitoring (n=301), an independent association was detected between increasing elapsed time from symptom onset to the beginning of recanalization and reduced odds of 3-month FFO (OR per 30-minute increase, 0.84; 95% CI, 0.73 to 0.97; *P*=0.015) ([Figure 1](#f1-jos-2019-01648){ref-type="fig"}). Moreover, among all baseline characteristics only onset-to-treatment time correlated positively to the elapsed time between tPA-bolus and beginning of recanalization (unstandardized linear regression coefficient, 0.13; 95% CI, 0.06 to 0.19; *P*\<0.001) ([Figure 2](#f2-jos-2019-01648){ref-type="fig"}) in the subgroup of patients with complete or partial recanalization at the end of TCD-monitoring ([Supplementary Table 6](#SD7-jos-2019-01648){ref-type="supplementary-material"}). In a *post hoc* sensitivity analysis after adjusting for predefined potential confounders (baseline age, NIHSS score, presence of tandem occlusion, and endovascular treatment), a similar correlation of elapsed time from symptom onset to tPA-bolus with elapsed time from tPA-bolus to the beginning of recanalization documented (unstandardized linear regression coefficient, 0.13; 95% CI, 0.06 to 0.20; *P*\<0.001).

We detected no association between elapsed time from symptom onset and beginning of recanalization with sICH in multivariable analyses of the study population ([Supplementary Table 7](#SD8-jos-2019-01648){ref-type="supplementary-material"}) and in the subgroup of patients with sustained complete or partial recanalization (n=301) at the end of TCD-monitoring ([Supplementary Table 8](#SD9-jos-2019-01648){ref-type="supplementary-material"}). Three-month mortality was not associated with the timing of tPA-induced recanalization in the group of patients with sustained complete or partial recanalization at the end of 2-hour TCD-monitoring ([Supplementary Table 9](#SD10-jos-2019-01648){ref-type="supplementary-material"}).

Discussion
==========

Our prospective observational study showed that faster tPA-induced recanalization represents the link between shorter onset-to-treatment time and improved 3-month functional outcomes in AIS patients with proximal intracranial occlusions. Shorter onset-to-tPA-bolus time was associated with more prompt recanalization because of shorter tPA-bolus-to-recanalization time. Elapsed time between symptom onset and beginning of recanalization was an independent predictor of 3-month functional outcome among patients who achieved sustained early complete or partial recanalization. Finally, delayed recanalization was not related to the risk of sICH in the whole study population. Our study supports ultra-fast delivery of tPA after patient arrival to hospital. Taking also into account that the vast majority of complete or partial vessel recanalizations were found to occur within 1-hour from tPA-bolus and that very few patients recanalized after 1-hour from tPA-bolus, our results also provide unflinching support the strategy of not delaying endovascular procedures in cases of persisting occlusion after tPA administration. Therefore, our results on the association of shorter onset-to-treatment time with faster induced recanalization and improved 3-month functional outcomes, should not only apply for systemic tPA treatment, but also for endovascular therapies and align with the continuous efforts for reduction of onset-to-groin puncture and groin puncture-to recanalization times. Although TCD can be used as a very reliable tool for continuous, real-time assessment of vessel recanalization, in the era of mechanical thrombectomy it could only be useful in case of other imaging unavailability, and should not delay any systemic or endovascular therapies when employed for clinical or research purposes.

We detected sustained complete early recanalization in 42% of patients within 2 hours after tPA-bolus and DCR in 50% at the end of TCD-monitoring. Although the rates of tPA-induced recanalization are higher in our cohort than those reported for patients with large vessel occlusions (LVOs) following treatment with systemic thrombolysis \[[@b14-jos-2019-01648],[@b15-jos-2019-01648]\], it should be highlighted that they are in accordance with the results from the CLOTBUST trial \[[@b11-jos-2019-01648]\], reporting sustained complete recanalization in 46% and DCR in 44% of the patients receiving tPA administration coupled with continuous TCD-monitoring \[[@b11-jos-2019-01648]\]. Our findings are also in line with a longitudinal cohort of consecutive AIS patients treated with IVT that reported sustained recanalization in 51% of the study population at the end of the 2-hour TCD-monitoring \[[@b16-jos-2019-01648]\]. Finally, the sICH rate in our population (4%) was comparable to the treatment arm of the recently published multicenter, double-blind, phase 3, randomized controlled trial on the safety and efficacy of 2 hours continuous transcranial ultrasound insonation coupled with tPA treatment in AIS patients (3%), providing further evidence of no increase in the sICH risk with TCD insonation \[[@b17-jos-2019-01648]\].

The timing of tPA-induced recanalization after stroke onset was a strong predictor of clinical outcomes in the whole study population and among patients with sustained recanalization at the end of TCD-monitoring. This observation is corroborated by the findings of a retrospective, single-center study of 508 AIS patients treated with IVT (54% with proximal intracranial occlusions) \[[@b18-jos-2019-01648]\]. The investigators reported an inverse relationship between the probability of early recanalization, evaluated by TCD at 1-hour following the end of tPA infusion and elapsed time from symptom onset \[[@b18-jos-2019-01648]\]. However, no association between onset-to-treatment and tPA-bolus to initiation of recanalization time was found \[[@b18-jos-2019-01648]\]. The inverse relationship between onset-to-treatment time and the rate of tPA-induced recanalization has also been identified in another study of 102 AIS patients with proximal intracranial occlusions treated with IVT \[[@b19-jos-2019-01648]\]. Early recanalization at the end of alteplase infusion (1-hour after tPA-bolus) was determined using magnetic resonance angiography (MRA). The investigators of this study reported that tPA administration within 130 minutes from symptom onset was independently associated with a 3-fold higher likelihood of complete recanalization at the end of tPA infusion \[[@b19-jos-2019-01648]\]. Finally, our results are also in accordance with an experimental study protocol supporting that early administration of tPA after stroke onset is independently associated with better thrombus resolution \[[@b20-jos-2019-01648]\].

The main study finding, that the beneficial effect of tPA-induced recanalization on clinical outcomes of AIS patients with proximal intracranial occlusions are time-dependent (16% decrease in the likelihood of FFO for every 30-minute delay in the elapsed time between symptom onset and initiation of recanalization) parallel the recent experience with mechanical thrombectomy in AIS patients with LVOs \[[@b21-jos-2019-01648]-[@b27-jos-2019-01648]\]. Both randomized-controlled and observational data have highlighted a time dependency of the beneficial effect of endovascular reperfusion therapies in AIS due to LVO \[[@b21-jos-2019-01648]-[@b27-jos-2019-01648]\]. More specifically, in a prespecified analysis of the Interventional Management of Stroke III (IMS III) trial, every 30-minute delay in angiographic reperfusion of AIS patients with LVO was associated with a 12% decrease in the likelihood of 3-month FI on multivariable analyses adjusting for potential confounders \[[@b26-jos-2019-01648]\]. Similarly, the Highly Effective Reperfusion Evaluated in Multiple Endovascular Stroke Trials (HERMES) collaborators have recently reported that each 1-hour delay to reperfusion was associated with a 19% reduction in the odds of 3-month FI among LVO patients who achieved reperfusion following mechanical thrombectomy and standard therapy \[[@b27-jos-2019-01648]\].

To the best of our knowledge, CLOTBUST-PRO is the first prospective, international multicenter observational study, with adequate statistical power, a predefined protocol and no missing follow-up evaluation at 3 months, which provides realtime information on arterial recanalization dependency with shorter symptom-onset-to-treatment time linking it to 3-month functional outcomes. The correlation between earlier onset to treatment time and shorter elapsed time between tPA-bolus and initiation of recanalization has not been previously reported. Our results provide further support to the association of ultra-early tPA administration with favorable outcomes \[[@b3-jos-2019-01648]\] and highlight the potential role of mobile stroke units in prompt tPA administration in this ultra-early time window \[[@b28-jos-2019-01648]\].

Certain limitations of the present study need to be acknowledged. First, per study protocol, no screening log was provided from the participating centers and thus the percentage of excluded patients, with corresponding reasons for exclusion (e.g., insufficient temporal window or tPA contraindications) is not available. However, it should be highlighted that included patients from all institutions were consecutive and thus we consider the possibility of selection bias negligible. Second, we evaluated arterial recanalization only within the first 2 hours of treatment initiation. However, per our study protocol all patients experiencing clinical deterioration during the first 24 hours from symptom onset received an additional TCD recording. Third, in patients with no ultrasonographic evidence of successful recanalization at 60-minute after tPA initiation, TCD monitoring was discontinued and they were treated with additional revascularization therapies, if available at the participating centers. Although the number of patients receiving additional endovascular reperfusion therapies was limited (2% of the study population), the duration of monitoring was not consistent among the whole study population. Finally, determination of recanalization status using TCD-monitoring is challenging and highly operator-dependent. Although no central adjudication of TCD recording was available, it should be noted that the centers participating in CLOTBUST-PRO recruited skilled and experienced sonographers implementing predefined ultrasound criteria that have been shown to accurately (\>80%) predict complete recanalization in real-time compared to digital subtraction angiography \[[@b29-jos-2019-01648]\]. Moreover, we do not have data on the imaging modalities used to screen proximal intracranial occlusions and therefore we were not able to assess potential discrepancies between TCD and computed tomography angiography/MRA findings.

On the other hand, certain strengths of the present study may also be acknowledged. CLOTBUST-PRO represents a prospective, international adequately powered observational study that sought to assess and establish the association of the speed of tPA-induced recanalization with shorter symptom-onset-to-treatment time using a predefined previously published protocol \[[@b9-jos-2019-01648]\]. To the best of our knowledge, we consider that this association represents the causative mechanism that accounts for the improved functional outcomes documented with earlier tPA delivery \[[@b1-jos-2019-01648],[@b2-jos-2019-01648]\]. The former association has previously been established in AIS patients receiving endovascular reperfusion therapies \[[@b21-jos-2019-01648]-[@b27-jos-2019-01648]\] but has never been documented in AIS patients receiving systemic thrombolysis, since TCD represents the only imaging modality that can assess recanalization in real-time in patients receiving treatment with IVT \[[@b30-jos-2019-01648]\].

Conclusions
===========

In conclusion, our observational cohort study provides observational evidence that faster tPA delivery is associated with earlier tPA-induced recanalization, which in turn results in improved functional recovery and survival in AIS patients with proximal intracranial occlusions. Our study further underscores the need to arrange acute stroke services in ways that shortest possible onset-to-arrival and arrival-to-tPA-bolus time be achieved.
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Baseline characteristics and outcomes of study population (n=480) according to recanalization status during the 2-hour TCD-monitoring
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Baseline characteristics and outcomes of patients with middle cerebral artery occlusion (n=374) according to early recanalization status achieved during the first hour of TCD-monitoring
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Association of elapsed time between symptom onset and beginning of recanalization with 3-month favorable functional outcome in patients with sustained complete or partial recanalization at the end of TCD-monitoring (n=301)
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Association of baseline characteristics with the elapsed time between tPA-bolus and start of recanalization in patients with sustained complete or partial recanalization at the end of TCD-monitoring (n=301)
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Association of elapsed time between symptom onset and beginning of recanalization with symptomatic intracranial hemorrhage in the study population (n=480)
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Association of elapsed time between symptom onset and beginning of recanalization with symptomatic intracranial hemorrhage in patients with sustained complete or partial recanalization at the end of TCD-monitoring (n=301)\*

###### 

Association of elapsed time between symptom onset and beginning of recanalization with 3-month mortality in patients with sustained complete or partial recanalization at the end of TCD-monitoring (n=301)

![Frequency of favorable functional outcome by elapsed time between symptom onset and the beginning of recanalization, as predicted by unadjusted analysis in patients with sustained complete or partial recanalization at the end of transcranial Doppler-monitoring (n=301). The recanalization cohort (including patients with complete or partial sustained recanalization) was divided into groups of about 30 on the basis of deciles in the time to recanalization. The red circles show the proportion with favorable functional outcome and mean time to recanalization in each group, and the red horizontal lines depict the range of time included in that group. The solid curve shows the model results from the logistic regression analysis, with 95% confidence interval prediction bands shown in dashed curves. Favorable functional outcome was defined as a modified Rankin Scale score of ≤1.](jos-2019-01648f1){#f1-jos-2019-01648}

![Correlation of elapsed time between symptom onset and tissue plasminogen activator (tPA)-bolus (onset to treatment time) with elapsed time between tPA-bolus to the beginning of recanalization in patients with sustained complete or partial recanalization at the end of transcranial Doppler-monitoring (n=301). The 95% confidence interval (CI) forecast bands are also presented. The correlation between the two time intervals was statistically significant (unstandardized linear regression coefficient, 0.13; 95% CI, 0.06 to 0.19; *P*\<0.001).](jos-2019-01648f2){#f2-jos-2019-01648}

###### 

Baseline characteristics and outcomes of study population (n=480) according to early recanalization status achieved during the first hour of TCD-monitoring

  Variable                  Early complete or partial recanalization (n=251)                                      Delayed recanalization or Persisting occlusion (n=229)   *P*              
  ------------------------- ------------------------------------------------------------------------------------- -------------------------------------------------------- ---------------- ----------------------------------------------------------
  Baseline characteristic                                                                                                                                                                   
                            Age (yr)                                                                              63±14                                                    69±15            \<0.001^[\*](#tfn1-jos-2019-01648){ref-type="table-fn"}^
                            Male sex                                                                              162 (65)                                                 127 (55)         0.048^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            NIHSS-score (point)                                                                   14 (9--19)                                               15 (10--20)      0.112^[\*](#tfn1-jos-2019-01648){ref-type="table-fn"}^
                            Hypertension                                                                          164 (65)                                                 161 (71)         0.217^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Diabetes mellitus                                                                     60 (24)                                                  56 (25)          0.867^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Atrial fibrillation                                                                   69 (27)                                                  76 (33)          0.174^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Hypercholesterolemia                                                                  108 (43)                                                 78 (35)          0.073^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Coronary artery disease                                                               64 (25)                                                  55 (24)          0.707^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Baseline TIBI score 0--1                                                              138 (55)                                                 113 (49)         0.217^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Isolated ICA or tandem ICA/MCA occlusion                                              25 (10)                                                  43 (19)          0.006^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Systolic blood pressure before tPA-bolus (mm Hg)                                      160±26                                                   154±26           0.022^[\*](#tfn1-jos-2019-01648){ref-type="table-fn"}^
                            Diastolic blood pressure before tPA-bolus (mm Hg)                                     90±15                                                    85±16            \<0.001^[\*](#tfn1-jos-2019-01648){ref-type="table-fn"}^
                            Serum glucose before tPA-bolus (mg/dL)                                                130±53                                                   135±47           0.140^[\*](#tfn1-jos-2019-01648){ref-type="table-fn"}^
                            Time from symptom onset to tPA-bolus (min)                                            135 (110--165)                                           145 (120--180)   0.002^[\*](#tfn1-jos-2019-01648){ref-type="table-fn"}^
                            Endovascular reperfusion therapies                                                    4 (2)                                                    8 (3)            0.183^[‡](#tfn3-jos-2019-01648){ref-type="table-fn"}^
  Outcome                                                                                                                                                                                   
                            Symptomatic intracerebral hemorrhage                                                  6 (2)                                                    13 (6)           0.065 ^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Dramatic clinical recovery at 2-hr^[§](#tfn4-jos-2019-01648){ref-type="table-fn"}^    129 (54)                                                 21 (10)          \<0.001^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            Dramatic clinical recovery at 24-hr^[∥](#tfn5-jos-2019-01648){ref-type="table-fn"}^   155 (63)                                                 46 (22)          \<0.001^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            3-mo favorable functional outcome mRS 0--1                                            169 (67)                                                 63 (28)          \<0.001^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            3-mo functional independence mRS 0--2                                                 203 (81)                                                 89 (39)          \<0.001^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            3-mo mortality                                                                        16 (6)                                                   39 (17)          \<0.001^[†](#tfn2-jos-2019-01648){ref-type="table-fn"}^
                            3-mo mRS score                                                                        1 (0--2)                                                 3 (1--5)         \<0.001^[¶](#tfn6-jos-2019-01648){ref-type="table-fn"}^

Values are presented as mean±standard deviation, number (%), or median (interquartile range).

TCD, transcranial Doppler; NIHSS, National Institutes of Health Stroke Scale; TIBI, thrombolysis in brain ischemia; ICA, internal carotid artery; MCA, middle cerebral artery; tPA, tissue plasminogen activator; mRS, modified Rankin Scale.

*P*-value derived from Mann-Whitney-Wilcoxon test for independent samples;

*P*-value derived from Pearson's chi-square;

*P*-value derived from Fisher's exact test;

Missing data on 2-hour NIHSS for 27 patients;

Missing data on 24-hour NIHSS for 24 patients;

*P*-value derived from Cochran--Mantel--Haenszel test.

###### 

Association of early (within 1-hour from tPA-bolus) recanalization with 3-month favorable functional outcome in the study population (n=480)

  Variable                                                         Univariable analysis   Multivariable analysis                       
  ---------------------------------------------------------------- ---------------------- ------------------------ ------------------- ---------
  Age (/1 yr increase)                                             0.96 (0.95--0.97)      \<0.001                  0.97 (0.95--0.99)   0.001
  Male sex                                                         1.64 (1.13--2.37)      0.009                    1.70 (1.06--2.71)   0.027
  NIHSS-score (/1 point increase)                                  0.86 (0.83--0.89)      \<0.001                  0.85 (0.82--0.89)   \<0.001
  Hypertension                                                     0.64 (0.44--0.95)      0.026                    1.18 (0.71--1.99)   0.518
  Diabetes mellitus                                                0.83 (0.54--1.26)      0.372                    \-                  
  Atrial fibrillation                                              0.73 (0.49--1.07)      0.108                    \-                  
  Hypercholesterolemia                                             1.08 (0.75--1.56)      0.687                    \-                  
  Coronary artery disease                                          0.98 (0.65--1.48)      0.913                    \-                  
  Baseline TIBI score 0--1                                         0.64 (0.45--0.92)      0.015                    1.05 (0.64--1.72)   0.842
  Isolate ICA or tandem ICA/MCA occlusion                          0.30 (0.17--0.55)      \<0.001                  0.53 (0.26--1.09)   0.083
  Systolic blood pressure before tPA-bolus (/10 mm Hg increase)    0.96 (0.90--1.03)      0.275                    \-                  
  Diastolic blood pressure before tPA-bolus (/10 mm Hg increase)   0.98 (0.87--1.11)      0.749                    \-                  
  Mean serum glucose before tPA-bolus (/10 mg/dL increase)         0.96 (0.93--1.00)      0.050                    \-                  
  Time from symptom onset to tPA-bolus (/10 min increase)          0.97 (0.93--1.01)      0.128                    \-                  
  Early recanalization                                             5.43 (3.67--8.04)      \<0.001                  6.19 (3.88--9.88)   \<0.001
  Endovascular reperfusion therapies                               2.18 (0.65--7.33)      0.209                    \-                  \-

tPA, tissue plasminogen activator; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; TIBI, thrombolysis in brain ischemia; ICA, internal carotid artery; MCA, middle cerebral artery.

###### 

Association of early (within 1-hour from tPA-bolus) recanalization with 3-month mortality in the study population (n=480)

  Variable                                                         Univariable analysis                                             Multivariable analysis                                                        
  ---------------------------------------------------------------- ---------------------------------------------------------------- --------------------------------------------------------- ------------------- ---------
  Age (/1 yr increase)                                             1.05 (1.03--1.08)                                                \<0.001                                                   1.04 (1.01--1.06)   0.003
  Male sex                                                         0.65 (0.37--1.14)                                                0.131                                                     \-                  
  NIHSS-score (/1 point increase)                                  1.16 (1.11--1.22)                                                \<0.001                                                   1.16 (1.10--1.22)   \<0.001
  Hypertension                                                     1.07 (0.58--1.96)                                                0.834                                                     \-                  
  Diabetes mellitus                                                1.47 (0.79--2.72)                                                0.220                                                     \-                  
  Atrial fibrillation                                              1.79 (1.00--3.17)                                                0.048                                                     1.16 (0.60--2.24)   0.649
  Hypercholesterolemia                                             0.85 (0.47--1.54)                                                0.592                                                     \-                  
  Coronary artery disease                                          1.72 (0.94--3.12)                                                0.078                                                     \-                  
  Baseline TIBI score 0--1                                         1.20 (0.68--2.12)                                                0.521                                                     \-                  
  Isolated ICA or tandem ICA/MCA occlusion                         2.35 (1.20--4.59)                                                0.013                                                     1.32 (0.63--2.77)   0.462
  Systolic blood pressure before tPA-bolus (/10 mm Hg increase)    0.93 (0.84--1.04)                                                0.195                                                     \-                  
  Diastolic blood pressure before tPA-bolus (/10 mm Hg increase)   0.89 (0.74--1.07)                                                0.221                                                     \-                  
  Mean serum glucose before tPA-bolus (/10 mg/dL increase)         1.02 (0.96--1.07)                                                0.536                                                     \-                  
  Time from symptom onset to tPA-bolus (/10 min increase)          1.00 (0.94--1.06)                                                0.923                                                     \-                  
  Early recanalization                                             0.33 (0.18--0.61)                                                \<0.001                                                   0.34 (0.17--0.67)   0.002
  Endovascular reperfusion therapies                               Not estimable^[\*](#tfn7-jos-2019-01648){ref-type="table-fn"}^   \>0.999^[†](#tfn8-jos-2019-01648){ref-type="table-fn"}^   \-                  

tPA, tissue plasminogen activator; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; TIBI, thrombolysis in brain ischemia; ICA, internal carotid artery; MCA, middle cerebral artery.

Not estimable due to lack of events (deaths) in the subgroup of patients receiving endovascular treatment;

*P*-value derived from Fisher's exact test.

###### 

Association of elapsed time between symptom onset and beginning of recanalization with 3-month favorable functional outcome in the study population (n=480)

  Variable                                                         Univariable analysis   Multivariable analysis                         
  ---------------------------------------------------------------- ---------------------- ------------------------ --------------------- ---------
  Age (/1 yr increase)                                             0.96 (0.95--0.97)      \<0.001                  0.97 (0.95--0.99)     0.002
  Male sex                                                         1.64 (1.13--2.37)      0.009                    1.55 (0.96--2.52)     0.076
  NIHSS-score (/1 point increase)                                  0.86 (0.83--0.89)      \<0.001                  0.85 (0.81--0.89)     \<0.001
  Hypertension                                                     0.64 (0.44--0.95)      0.026                    1.33 (0.77--2.31)     0.303
  Diabetes mellitus                                                0.83 (0.54--1.26)      0.372                    \-                    
  Atrial fibrillation                                              0.73 (0.49--1.07)      0.108                    \-                    
  Hypercholesterolemia                                             1.08 (0.75--1.56)      0.687                    \-                    
  Coronary artery disease                                          0.98 (0.65--1.48)      0.913                    \-                    
  Baseline TIBI score 0--1                                         0.64 (0.45--0.92)      0.015                    1.21 (0.73--2.01)     0.460
  Isolate ICA or tandem ICA/MCA occlusion                          0.30 (0.17--0.55)      \<0.001                  0.57 (0.27--1.21)     0.143
  Systolic blood pressure before tPA-bolus (/10 mm Hg increase)    0.96 (0.90--1.03)      0.275                    \-                    
  Diastolic blood pressure before tPA-bolus (/10 mm Hg increase)   0.98 (0.87--1.11)      0.749                    \-                    
  Mean serum glucose before tPA-bolus (/10 mg/dL increase)         0.96 (0.93--1.00)      0.050                    \-                    
  Time from symptom onset to tPA-bolus (/10 min increase)          0.97 (0.93--1.01)      0.128                    \-                    
  Endovascular reperfusion therapy                                 2.18 (0.65, 7.33)      0.209                    \-                    \-
  Time from symptom onset to beginning of recanalization                                                                                 
   Persisting occlusion (reference category) ≤178 min              13.23 (7.82--22.39)    \<0.001                  14.70 (7.90--27.33)   \<0.001
   Persisting occlusion (reference category) \>178 min             5.55 (3.39--9.10)      \<0.001                  6.72 (3.78--11.92)    \<0.001

CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; TIBI, thrombolysis in brain ischemia; ICA, internal carotid artery; MCA, middle cerebral artery; tPA, tissue plasminogen activator.

###### 

Association of elapsed time between symptom onset and beginning of recanalization with 3-month mortality in the study population (n=480)

  Variable                                                         Univariable analysis                                             Multivariable analysis                                                         
  ---------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------- ------------------- ---------
  Age (/1 yr increase)                                             1.05 (1.03--1.08)                                                \<0.001                                                    1.04 (1.01--1.06)   0.002
  Male sex                                                         0.65 (0.37--1.14)                                                0.131                                                      \-                  
  NIHSS-score (/1 point increase)                                  1.16 (1.11--1.22)                                                \<0.001                                                    1.16 (1.10--1.23)   \<0.001
  Hypertension                                                     1.07 (0.58--1.96)                                                0.834                                                      \-                  
  Diabetes mellitus                                                1.47 (0.79--2.72)                                                0.220                                                      \-                  
  Atrial fibrillation                                              1.79 (1.00--3.17)                                                0.048                                                      1.21 (0.62--2.34)   0.574
  Hypercholesterolemia                                             0.85 (0.47--1.54)                                                0.592                                                      \-                  
  Coronary artery disease                                          1.72 (0.94--3.12)                                                0.078                                                      \-                  
  Baseline TIBI score 0--1                                         1.20 (0.68--2.12)                                                0.521                                                      \-                  
  Isolate ICA or tandem ICA/MCA occlusion                          2.35 (1.20--4.59)                                                0.013                                                      1.26 (0.59--2.70)   0.546
  Systolic blood pressure before tPA-bolus (/10 mm Hg increase)    0.93 (0.84--1.04)                                                0.195                                                      \-                  
  Diastolic blood pressure before tPA-bolus (/10 mm Hg increase)   0.89 (0.74--1.07)                                                0.221                                                      \-                  
  Mean serum glucose before tPA-bolus (/10 mg/dL increase)         1.02 (0.96--1.07)                                                0.536                                                      \-                  
  Time from symptom onset to tPA-bolus (/10 min increase)          1.00 (0.94--1.06)                                                0.923                                                      \-                  
  Endovascular reperfusion therapy                                 Not estimable^[\*](#tfn9-jos-2019-01648){ref-type="table-fn"}^   \>0.999^[†](#tfn10-jos-2019-01648){ref-type="table-fn"}^   \-                  \-
  Time from symptom onset to beginning of recanalization                                                                                                                                                           
   Persisting occlusion (reference category) ≤178 min              0.28 (0.14--0.59)                                                0.001                                                      0.37 (0.16--0.85)   0.018
   Persisting occlusion (reference category) \>178 min             0.26 (0.12--0.55)                                                0.001                                                      0.22 (0.10--0.51)   \<0.001

CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; TIBI, thrombolysis in brain ischemia; ICA, internal carotid artery; MCA, middle cerebral artery; tPA, tissue plasminogen activator.

Not estimable due to lack of events (deaths) in the subgroup of patients receiving endovascular treatment;

*P*-value derived from Fisher's exact test.

[^1]: These authors contributed equally to the manuscript as first author.
